The retention and release of deuterium is compared for clean metallic beryllium and beryllium oxide. Deuterium energies of 600 eV per atom are applied and implantation fluences are above the threshold for supersaturation. Desorption experiments subsequent to implantation into metallic Be are extrapolated to a perfectly homogeneous implantation spot. It is assessed that more than 80 % of the D retained after implantation with homogeneous high fluences are released below 500 K. All retained D is released below 800 K. The oxide layer is grown by stepwise oxidation of Be in oxygen atmosphere and characterized by Rutherford backscattering spectrometry.
Introduction
Beryllium is planned as a plasma facing material in the international fusion experiment ITER [1] . According to the currently foreseen design the main chamber with an area of 700 m 2 will be covered by Be. The retention and release behavior of plasma facing materials with respect to hydrogen isotopes is an issue in such an experiment as well as in a future reactor due to the radioactivity of the isotope tritium that is a fuel in the fusion reaction.
Consequently, the amount of hydrogen isotopes retained after implantation into Be and the temperatures where it is released have been the subject of many experimental investigations (for reviews see [2] and [3] ).
The fraction of the incident hydrogen that is retained in single or polycrystalline Be after implantation has been shown to saturate with increasing fluence. The release spectra also feature a strong fluence dependence [4, 5] :
After implantation of D at an energy of 1 keV per atom to fluences below 1 × 10 21 m −2 the release in a subsequent desorption experiment occurs in the temperature range between 700 and 900 K. At higher fluences a narrow release regime appears around 450 K. In ITER the fluences expected to impinge onto the Be first wall are on the order of 1 × 10 22 D m −2 per discharge or higher [3] . The foreseen annealing temperature of the first wall is 500 K [6] . Section 3 is dedicated to the efficiency of this annealing temperature in removing D after implantation to high fluences.
In the presence of oxygen atoms or molecules Be is highly reactive towards oxidation [7] . At room temperature an oxide layer of a few nm is self-passivating and inhibits further growth. At elevated temperatures oxide layers of several tens of nm can be grown in oxygen atmosphere. Diffusion of Be atoms from the interface through the oxide to the surface has been identified to be the rate limiting mechanism for this thermal oxide layer growth [8] .
On one hand the strong tendency of Be to oxidize is advantageous in ITER. Gettering of oxygen by the Be reduces the amount of residual impurities in the core plasma, which in turn leads to desired lower radiative losses. On the other hand it opens questions on how an oxide layer affects hydrogen isotope retention in Be (by forming a permeation barrier for outdiffusing hydrogen) and to what extent hydrogen isotopes retained in thick BeO layers are an issue. In a previous report it was concluded that the influence of a 3 nm thick oxide layer on the release behavior of deuterium implanted at keV energies into Be is small and not rate limiting [9] . It was argued that this is due to the D atoms being trapped in the metallic Be bulk after implantation and that the release from these traps dominantly governs the desorption rate. The retention of D when implanted into BeO can be qualitatively different. Possible formation of beryllium hydroxide within the bulk of the material may alter the desorption behavior [10, 11] . This is investigated in section 5.
Experimental procedures
Most of the experiments presented here were performed at the experimental apparatus ARTOSS at IPP [12] . We focus in this section on the experimental details and conditions relevant for the specific experiments reported on. A more detailed description of the general experimental procedures at the ARTOSS apparatus can be found in [4] .
The Be samples used are polycrystalline square plates with 10 mm side length and 0.5 mm thickness delivered by MaTecK GmbH. They are produced by vacuum hot isostatic pressing of Be powder and subsequent hot rolling. Polishing with diamond pads and diamond spray results in specular surfaces with no visible scrub marks and a roughness amplitude R a below 10 nm. The bulk purity of these samples is greater than 99.0 %. For the experiments reported in section 3 the surface is cleaned in vacuo by cyclic bombardment with argon and subsequent annealing in order to reduce the oxygen contamination of the surface to a few monolayers of BeO as estimated from X-ray photoelectron spectroscopy (XPS). After annealing a silicon signal corresponding to roughly one monolayer can also be detected on the surface. This Si probably originates from the polishing process, segregates on the surface during annealing and is sputtered off during irradiation with Ar or D.
Formation and characterization of the thick oxide layers is described in The latter temperature was chosen in order not to activate the Be diffusion through the oxide layer which would lead to disintegration of the layer.
The temperature-programmed desorption (TPD) spectra plotted in figure 2 show the calibrated QMS signals for the mass to charge ratio of m/q = 4, corresponding to molecular D 
Release behavior at high fluences
Upon implantation of metallic Be with D, the D is trapped in the implantation range. At high fluences saturation occurs within this range as discussed in [4] . The depth over which the implanted D atoms are distributed depends on the implantation energy per atom [13] . A smaller implantation energy leads to implantation closer to the surface. Accumulation of D in a thinner layer must consequently lead to saturation at a lower fluence compared to implantation at higher energies. In figure 1 
The factor 1/2 comes from the additional assumption that the areal density retained in B is half the areal density retained in A. This is consistent with the equivalent assumption for the fluences. The D trapped in the rim area contributes only to the HT regime of the desorption spectrum. We consequently calculate the fraction that would be released in the HT region 
Growth and characterization of BeO layers
Oxidation of the Be surfaces was induced by heating the Be samples in an oven under pure oxygen at ambient pressure. Several samples were heated stepwise to temperatures up to 890 K with holding times between 1 and 10 hours. The oxide layer thicknesses were measured by RBS after each temperature step. As pointed out in the introduction it is known that the growth mechanism of thick oxide layers on Be is the diffusion of Be atoms through the oxide layer. As deduced in [8] the temperature-dependent rate coefficient k for the layer growth can be calculated from the holding time t and the thickness increase x − x 0 at each temperature by
This reaction rate coefficient is proportional to the diffusion coefficient D for diffusion of Be in BeO. From the variation of the rate coefficient with temperature we can obtain a value for the activation barrier E act in the Arrhenius form of the diffusion coefficient:
It is observed that the rate coefficient is lower for samples heated for 11 hours than for samples heated for just 1 hour. This indicates that after long heating times the oxide layer growth does not follow a square root dependence on time anymore. Instead, the oxidation slows down more quickly and probably eventually stops. Therefore, in order to estimate the activation barrier E act only thickness measurements after heating steps of 1 hour duration were taken into account.
In figure 3 the logarithm of k is plotted against the inverse temperature.
The number in brackets indicate the layer thickness before and after each heating step (in 10 20 atoms m −2 ). An initial thickness above 5×10 20 atoms m −2 indicates that the sample has undergone preceding heating steps. For the reason mentioned above those data are not included when the heating duration exceeded 1 hour. The slope of a linear fit through the data points yields an activation energy of 0.8 eV for the diffusion of Be in BeO. This value is in good agreement with the 0.73 ± 0.14 eV obtained in [8] . However, the scatter in the calculated rate coefficients is considerable. The growth rate seems to be influenced by the layer thickness at the onset of the heating step or by the temperature history.
SEM micrographs of the oxidized surfaces reveal adherent oxide layers with nm sized pores and cracks, presumably running along grain boundaries.
Oxygen depth profiles measured by RBS are simulated by SIMNRA [14, 15] . 
Deuterium retention in BeO
According to static simulations with SDTrim.SP [16, 17] 
Conclusion
More than 80 % of the D retained after room temperature implantation at 600 eV to high fluences into polycrystalline Be is released below the baking temperature of 500 K foreseen for the ITER first wall. However, care must be taken when drawing conclusions for ITER from this result as it might be modified when implantation occurs at elevated temperatures [9] . 
